be dependent on the axon itself, as many of them are reversed as the axon regenerates. For instance, p75 Division of Laboratory Medicine expression is down-regulated in Schwann cells adjacent Departments of Pathology and Medicine to the regenerating axon (Taniuchi et al., 1988) and in Washington University School of Medicine Schwann cells cocultured with neurons (Tomaselli et al., St. Louis, Missouri 63110 1986; Fallon, 1985). In contrast, the expression of myelin proteins such as P0 and PMP-22 increases as the axon regenerates and remyelination ensues (White et al., Summary 1989; Snipes et al., 1992) .
P-labeled cDNA prepared 1982; Richardson et al., 1980) . from either intact or injured sciatic nerve RNA. This Following axonal interruption due to nerve injury, rapid screen resulted in the identification of a cDNA clone changes in the synthesis of myelin components occur, which corresponded to an mRNA that was induced in such as marked decreases in myelin lipid synthesis response to nerve injury. The nucleotide sequence of this clone (and additional clones) as well as 5Ј end RACE (White et al., 1989) and diminished expression of the amplification products ( Figure 1 ) revealed a cDNA that major myelin proteins (Trapp et al., 1988) . There are also was 1142 nt in length, in good correspondence with the a number of proteins whose expression is increased in 1.1 kb size estimated for the ninjurin mRNA ( Figure 2 ). Schwann cells of the distal stump after nerve injury,
The sequence of this cDNA, which we have named ninincluding neurotrophic factors, cell surface molecules jurin (for nerve injury-induced protein), contains an open like p75 NGF receptor (Taniuchi et al., 1988) , and cell reading frame of 152 amino acids that predicts a 16.3 adhesion molecules L1, N-cadherin, and N-CAM, that kDa protein. are important for neurite outgrowth on Schwann cells in vitro (Martini and Schachner, 1988; Bixby et al., 1988;  The ninjurin sequence was used to search the nonre- Rieger et al., 1988) . Most of the changes in Schwann dundant nucleotide and amino acid sequence databases, but no homology to other proteins was detected. cell phenotype in response to nerve injury appear to Analysis of potential structural motifs of ninjurin using computer programs that predict hydrophobicity (Kyte and Doolitttle, 1982) , protein localization sites (Nakai and Kanehisa, 1992) , and protein secondary structure (Rost et al., 1995) predict two possible transmembrane domains (residues 72-100, and 118-139). A peptide homology search restricted to these regions demonstrated limited similarity to ligand-gated ion channel receptors (Altschul et al., 1990) . The amino-terminal region of ninjurin, which is predicted to be outside of the cell from this analysis, is generally hydrophilic and contains one putative N-glycosylation site. No signal sequence is present, nor are there other sequence motifs indicative of a specific function or intracellular location.
Ninjurin Expression Is Up-Regulated after Sciatic Nerve Injury
To investigate the expression pattern of ninjurin after sciatic nerve axotomy, RNA was isolated from the distal segments of the transected nerve as well as the intact, contralateral nerve (control) at selected times after surgery. ninjurin mRNA levels were very low in uninjured sciatic nerve, but were dramatically up-regulated in the segment distal to the injury (either transection or crush) permits axonal regeneration, ninjurin expression returned to a low level by day 28. These changes in ninjurin Figure 2 . Ninjurin Expression Is Up-Regulated in Rat Sciatic Nerve after Injury (A) Total RNA (10 g) from sciatic nerve distal to the injury after transection (a) and crush (b) was electrophoresed, blotted, and hybridized with a 32 P-labeled ninjurin cDNA probe. The ethidium bromide staining pattern of the 28S ribosomal RNA is shown to demonstrate the quantity of RNA loaded. (B) Normal nerve (a and b) and distal nerve segment 7 days after transection (c and d). Histochemical analysis using hematoxylin-eosin staining (a and c) and in situ hybridization using a 33 P-labeled ninjurin RNA probe (b and d).
(C) Affinity-purified anti-ninjurin antibodies were used to detect ninjurin in nerve tissues (a, normal; b-e, 7 days after injury). Normal nerve (a); nerve segment proximal to the site of transection (b; arrowheads denote the neuroma at the end of the proximal segment); nerve segment distal to the site of transection (c; low magnification); nerve segment distal to the site of transection (d; high magnification). In (e), the section adjacent to (d) was stained with antibodies to the Schwann cell marker S100. Note the similarity of the staining pattern in (d) and (e) indicating that ninjurin is expressed in Schwann cells distal to the site of injury. Also note that ninjurin immunoreactivity is restricted to the proximal neuroma in (b). Scale bar in (c) represents 150 m for (a)-(c); scale bar in (e) represents 50 m for (d) and (e). expression after nerve injury were confirmed by in situ hybridization analysis on nerves (transected versus intact contralateral) harvested 7 days after axotomy. ninjurin mRNA was detected throughout the distal segment and at the end of the proximal segment (i.e., proximal neuroma), whereas no signal was observed in the normal sciatic nerve ( Figure 2B ).
To define further the ninjurin expression pattern after nerve injury, an immunohistochemical analysis was per- I labeling proto-RNA blot analysis revealed the presence of moderate col did not label intracellular proteins and, therefore, levels of ninjurin transcripts in a variety of adult rat tisstrongly suggest that ninjurin is associated with the sues, including liver, thymus, heart, adrenal gland, and plasma membrane. spleen, and lower levels were detected in brain and DRG. Additional immunohistochemical analysis conNinjurin Mediates Cell Adhesion firmed that ninjurin is expressed in a wide variety of via Homophilic Binding tissues in the adult rat (data not shown). In the adult
The cell surface localization of ninjurin combined with CNS, cells with a morphology consistent with that of its expression in glia after nerve injury and its expression astrocytes were stained with anti-ninjurin antibodies, in epithelial cells in a number of tissues suggested to but no neuronal staining was observed (data not shown).
us that it might be involved in cellular adhesion. To Dual label immunohistochemistry using antibodies ditest whether ninjurin mediates adhesive interactions, rected against glial fibrillary acidic protein (GFAP) and we performed a commonly employed cell aggregation against ninjurin confirmed that ninjurin is expressed preassay using Jurkat T cell leukemia cells (Shimizu et al., dominantly by astrocytes (data not shown). 1990 ). Jurkat cells were transfected with either CMVninjurin or nonrecombinant CMV expression plasmids, and clonal lines were selected. Protein blot analysis was Ninjurin Is a Cell Surface Molecule From our immunohistochemical analysis, it appeared used to demonstrate that ninjurin is expressed in cells transfected with CMV-ninjurin, but is absent or present that ninjurin was localized to the cell surface, suggesting that ninjurin is either a membrane protein or possibly at very low levels in native Jurkat cells (data not shown). Incubation of ninjurin-expressing cells resulted in the a secreted factor that adsorbs to the cell surface or extracellular matrix. This idea was further supported by formation of large aggregates that were readily demonstrable after 1 hr, whereas the control Jurkat cells formed the demonstration that ninjurin synthesized by transfected CHO cells was present in the cell lysate, but not only a few small aggregates ( Figure 4A ). We further explored the adhesive properties of ninjurin, by examining in medium conditioned by these cells (data not shown). To demonstrate directly that a portion of the ninjurin its effects on a nonlymphocytic cell type such as CHO cells. CHO cells expressing ninjurin were obtained by molecule is located outside of the cell, we labeled live ninjurin-expressing CHO cells with 125 I using the Boltontransfection and these, along with control CHO cells, were agitated on a rotary shaker. A decrease in the Hunter reagent under conditions that selectively label proteins on the cell surface (Thompson et al., 1987) . After number of particles with time was observed with the transfected cells, indicating the formation of larger aglabeling the cells, immunoprecipitations were performed with ninjurin-specific antibodies as well as with antibodgregates with ninjurin-expressing cells (data not shown) (Takeichi, 1977) . These results provide further support ies directed against the intracellular protein phospholipase C␥1 (Figure 3 ). The anti-ninjurin antibodies precipithat ninjurin is involved in cellular adhesion as its effects are observed in multiple cell types. tated an intensely labeled 22 kDa protein. No signal Affinity-purified anti-ninjurin antibodies were used to detect ninjurin in DRG neurons taken from nontransected sciatic nerve (a), or sciatic nerve 1 day after transection (b). Arrows denote satellite cells in (a) and (b). Scale bar represents 100 m.
Accumulation of ninjurin immunoreactivity proximal to the ligature 1 day after the sciatic nerve was ligated, but not transected (c) or the sciatic nerve was ligated, and 5-8 mm distal to the ligation site, the nerve was transected (d). Note the dramatic increase in ninjurin staining proximal to the ligature in the transected nerve. Arrows denote the site of ligation, and P denotes the proximal portion of the nerve. Scale bar indicates 100 m.
To determine whether adhesion mediated by ninjurin sciatic nerve transection. Immunohistochemistry revealed that ninjurin was detectable 1 day after nerve occurs via homophilic binding, we performed aggregation experiments on mixtures of transfected and nontransection in the DRG neuronal cell bodies ( Figure 5 ). Ninjurin expression was not detected in DRG neurons transfected Jurkat cells that were differentially stained with fluorescent dyes. Equal amounts of ninjurin-posifrom the contralateral uninjured side, suggesting that neuronal synthesis of ninjurin is induced by axotomy. tive cells (colored red) and control cells (colored green) were mixed together, and the resulting aggregates were
We next tested whether ninjurin was anterogradely transported down the axon. For this purpose, the sciatic examined by fluorescence microscopy. The aggregates consisted predominantly of red-orange, ninjurin-posinerve was ligated, and 5-8 mm distal to the ligation site, the nerve was transected. As a control, sciatic nerves tive cells, with some nontransfected cells adhering to the surface ( Figure 4A ). None of the aggregates were were ligated, but no axotomy was performed. After 1 day, the nerves were harvested, and ninjurin was decomposed primarily of nontransfected cells, nor did we observe aggregates with a mosaic pattern of the two tected using immunohistochemistry. Ninjurin staining was intense proximal to the ligation site in the nerve cell types.
The demonstration that ninjurin can mediate adhesion that had been transected ( Figure 5 ), suggesting that ninjurin had been transported down the axon. In convia homophilic binding encouraged us to investigate its expression on neurons, as it may play an important role trast, only a minor amount of ninjurin staining was observed around the ligation site in the nontransected in nerve regeneration. We therefore examined cultures of sympathetic neurons dissected from the superior cernerve, presumably representing a local response to the ligation itself. Taken together, these results indicate that vical ganglia (SCG) of E21 rat pups. After culturing the neurons for 5 days in NGF and anti-mitotic agents (to ninjurin is up-regulated in neurons after nerve injury and is subsequently anterogradely transported to the site remove non-neuronal cells), immunohistochemical analysis was performed using either anti-ninjurin or antiof injury, where ninjurin is also expressed by Schwann cells. neurofilament H antibodies ( Figure 4B ). CHO cells expressing ninjurin ( Figure 6 ). To quantitate by immunoprecipitation with anti-ninjurin antibodies of radioiodinated membrane surface proteins. Immunohisthis effect, approximately 50 neurons were randomly tochemical analysis demonstrated that ninjurin was exselected from each growth condition, and the length pressed in a variety of tissues, predominantly by epitheof the longest neurite per neuron, which did not have lial cells. This led us to examine whether ninjurin might contacts with nearby neurons, was measured (for debe an adhesion protein. Aggregation assays were used tails, see Experimental Procedures). The results from to demonstrate that ninjurin is capable of mediating three independent experiments are shown ( Figure 6) . cellular adhesion by a homophilic mechanism. Neurons grown for 6 hr on CHO cells expressing ninjurin
The demonstration that ninjurin is expressed by had neurites with an average length of 569 Ϯ 134 m, Schwann cells surrounding the distal segment of the whereas neurites from neurons grown on control CHO transected nerve is interesting as neuronal regeneration cells were 297 Ϯ 104 m in length. These results indicate is known to require the participation of Schwann cells. that ninjurin promotes an increase in the extent of neurite Schwann cells grown in vitro provide an excellent suboutgrowth. strate for promoting neurite outgrowth (Tomaselli et al., 1986; Fallon, 1985) , and implants of peripheral nerve Discussion segments containing live Schwann cells into the CNS effectively promote axonal regeneration (Richardson et In this report, we have described the identification and al., 1980; Aguayo, 1985; Benfey and Aguayo, 1982) . Folcharacterization of ninjurin. Ninjurin was identified using lowing injury to a peripheral nerve, the nerve segment differential hybridization and was demonstrated to be distal to the injury degenerates and Schwann cells within dramatically up-regulated in the distal segment and the distal nerve stump begin to proliferate and undergo proximal neuroma of the transected sciatic nerve. nindramatic phenotypic changes, as evidenced by downjurin mRNA is detected in Schwann cells surrounding regulation of myelin proteins like P 0 and PMP-22 and the the degenerating axons within hours after the injury, and reexpression of cell surface recognition proteins (e.g., its presence persists for many weeks. The rat ninjurin N-CAM and p75 NGF receptor). These phenotypic cDNA encodes a novel protein of 152 amino acids with changes appear to be necessary for axonal regeneraa calculated molecular weight of 16.3 kDa that is unretion, as little axonal growth occurs from a proximal nerve lated to other characterized proteins. Sequence analysis stump that has been surgically connected to a second of ninjurin predicts that it contains two transmembrane proximal stump (Daniloff et al., 1986; Martini, 1994) . domains, suggesting that it may be a membrane protein;
The demonstration that ninjurin can function as an however, it does not contain a cleavable signal peptide adhesion molecule is intriguing because the role of adsequence. This classifies ninjurin as a type 3b memhesive proteins in nerve regeneration has been extenbrane protein (Singer, 1996) , a group that includes rhosively documented (Martini, 1994; Brodkey et al., 1993) . dopsin and the ␤-adrenergic receptor. Confirmation that
The expression of a number of adhesion proteins is a portion of ninjurin was located extracellularly, either elevated after nerve injury, including N-CAM and L1, because it is a transmembrane protein or because it is which are thought to be involved in forming a suitable substrate for the extension of the regenerating axons. associated with the extracellular matrix, was obtained proximal neuroma and distal segment). The RNA templates were
The time course of this up-regulation is similar to used to synthesize cDNA as previously described (Gubler and Hoff- what has been observed for ninjurin (Daniloff et al., man, 1983) . The cDNAs were cloned into EcoRI-NotI-digested 1986; Martini, 1994) . Interestingly, the levels of ninjurin, ZAPII phage arms; the phage was packaged in vitro (Gigapack N-CAM, and L1 each return to normal more rapidly after Gold; Stratagene) and used to infect Escherichia coli XL-1 Blue a crush injury than after transection, in accord with the strain (Stratagene). A subtracted injured nerve library was obtained using a minor modification of a previously described method (Rumore rapid and complete recovery observed after nerve benstein et al., 1990 ). The subtracted library was differentially crush (Daniloff et al., 1986) . Direct support for the role screened by hybridizing with 32 P-labeled first-strand cDNAs preof adhesion proteins in promoting neurite outgrowth has pared by reverse transcription of poly(A) ϩ RNA extracted from either come from the demonstration that neutralizing antiboddistal portion of the transected sciatic nerve (7 days after transecies to L1 and N-cadherin inhibit Schwann cell stimulated tion) or sciatic nerves of the contralateral side (control) as previously neurite outgrowth from peripheral motor neurons (Seildescribed (Maniatis et al., 1982) . Plaques that gave a signal of differential intensity between the two probes were replated and reheimer and Schachner, 1988). However, these studies screened with the same probes, and clones corresponding to also suggest that additional molecules are also impor- immunoreactivity is also detected in the proximal neuonto nylon membranes as previously described (Chomczynski and roma, as well as on axons of cultured SCG neurons. Sacchi, 1987) . Membranes were probed with a 32 P-labeled fragment
Coculture experiments with DRG neurons and CHO cells of the ninjurin cDNA. In situ hybridization histochemistry was perexpressing ninjurin showed that ninjurin enhances neuformed using 33 P-labeled antisense or sense RNA probes transcribed from the ninjurin cDNA (nucleotides 518-1026) on fresh rite outgrowth in a manner comparable to that described frozen tissue samples as previously described (Wanaka et al., 1990). for F3 glycoprotein, N-CAM, or L1 (Gennarini et al., 1991; Bixby et al., 1988; Seilheimer and Schachner, 1988) .
Generation and Analysis of Antibodies to Ninjurin
Thus, ninjurin may have additional or synergistic effects A synthetic peptide containing an amino-terminal cysteine and ninon the neurite growth promoting effects of these molejurin residues 1-15 was conjugated to keyhole limpet hemocyanine cules. In addition, weak ninjurin immunoreactivity was using either glutaraldehyde or m-maleimidobenzoyl-n-hydroxysucobserved in embryonic DRG neurons, suggesting that cinimide ester. The conjugate proteins were used to immunize rabbits following standard procedures (Cocalico), and anti-ninjurin antininjurin may play a role during neuronal development bodies were purified by chromatography over an affinity column as well as in nerve regeneration. Finally, it should be in which the peptide was linked to SulfoLink Gel (Pierce) per the noted that the participation of ninjurin in homophilic instructions of the manufacturer. Protein blot analysis was perbinding does not exclude the possibility that ninjurin formed as previously described (Lee et al., 1995) . Immunohistomay also be involved in heterophilic interactions as well. chemical analysis of rat tissues was performed on 15 m sections of 4% paraformaldehyde-fixed tissues using standard methods. The purified anti-ninjurin antiserum was used at a 1:2500 dilution, and Experimental Procedures specific staining was detected with indocarbocyanine (Cy3)-conjugated anti-rabbit IgG (Jackson Lab).
Animals and Surgical Procedures
All surgical procedures followed the NIH guidelines for care and use of laboratory animals at Washington University. Male SpragueCell Culture and Transfection Dawley rats (200-300 g) were anesthetized, and the right sciatic CHO cells were cultured in F-12 medium supplemented with 10% nerve was injured at the hip level either by transection or by comfetal calf serum (FCS). T cell leukemia cells (Jurkat) were grown in pressing the nerve with forceps for 30 s (crush). The contralateral RPMI 1640 with 10% FCS. The expression vector pCMV-ninjurin nerve was exposed, but left uninjured (control). After the indicated was constructed by inserting the ninjurin cDNA into the plasmid length of time, the animals were euthanized and either perfused pCMVneo (Brewer, 1994) . The pCMVneo or pCMV-ninjurin plasmids with 4% paraformaldehyde/phosphate buffered saline (PBS) for imwas transfected into CHO cells via calcium phosphate precipitation munohistochemical analysis or decapitated for immediate collection and into Jurkat cells via electroporation. Stable transfectants were of tissues for RNA isolation or in situ hybridization analysis. For selected by growth in medium containing G418 (400 g/ml), and nerve ligation experiments, the nerve was tightly ligated at the level individual clones were isolated by limiting dilution. Primary cultures of the hip using a 4-0 nylon suture. When indicated, the nerve was of sympathetic neurons from SCG were prepared by dissecting transected 5-8 mm distal to the ligation site.
tissue from E20-21 rat embryos as previously described (Martin et al., 1988) . Primary cultures of neurons from DRGs were prepared from E17 rat embryos as previously described (Eichler and Rich, Construction and Screening of Sciatic Nerve cDNA Libraries Two rat sciatic nerve cDNA libraries (normal versus injured) were 1989). Dissociated neurons were plated on confluent monolayers of either control CHO cells or CHO cell expressing ninjurin in 24-constructed in the ZAPII vector (Stratagene). The first was made using poly(A) ϩ RNA isolated from normal sciatic nerve, whereas the well plates. Cultures were grown in a medium that consists of 90% Eagle's minimal essential medium (GIBCO), 10% FCS, 20 g/ml other was made using equivalent amounts of poly(A) ϩ RNA isolated from 16 hr, 3 days, and 7 days postaxotomy nerve segments (both each of fluoro-deoxyuridine and uridine, and 50 ng/ml mouse NGF (gift from E. Johnson, Washington University); 6 hr after plating, the References cells were fixed with 4% paraformaldehyde in PBS, and immunohistochemistry using anti-neurofilament H antibodies was performed. Aguayo, A.J. (1985) . Axonal regeneration from injured neurons in the adult mammalian central nervous system. In Synaptic Plasticity Following previously established criteria (Gennarini et al., 1991) The complex nature of interactive neuroregeneration-regulated molusing anti-ninjurin antibodies as described previously (Fahrner et ecules. Exp. Neurol. 123, 251-270. al., 1990) . Immunoprecipitations were also performed using a monoclonal antibody directed against the cytoplasmic protein phosBunge, R., and Griffin, J.W. ( (1989) . Neuronal process ml in RPMI 1640 with 10% FCS, and 100 l of the cell suspension outgrowth of human sensory neurons on monolayers of cells was added to each well of a flat-bottomed 96-well microtiter plate.
transfected with cDNAs for five human NCAM isoforms. J. Cell Biol. The formation of aggregates was examined after 1 hr using phase-109, 789-798. contrast microscopy. For demonstrating homophilic binding, aggreEichler, M.E., and Rich, K.M. (1989) . Death of sensory ganglion neugation experiments were performed using a mixture of ninjurin stable rons after acute withdrawal of nerve growth factor in dissociated transfectants and nontransfected cells. The ninjurin-positive cells cell cultures. Brain Res. 482, 340-346. were stained red with 1 mM CMTMR (5-(and-6)-(((4-chloromethFahrner, T.J., Carroll, S.L., and Milbrandt, J. (1990). The NGFI-B yl)benzoyl)amino)tetramethylrhodamine), and control cells were protein, an inducible member of the thyroid/steroid receptor family, stained green with 1 mM CMFTA (5-chloromethylfluoresceindiaceis rapidly modified posttranslationally. Mol. Cell. Biol. 10, 6454-6459. tate) as described in the protocol of the maunfacturer (Molecular Probes). The cells were resuspended to 1 ϫ 10 6 cells/ml, and 3 ml Fallon, J.R. (1985) . Neurite guidance by non-neuronal cells in culture: of the mixed cell suspension was allowed to form aggregates in preferential outgrowth of peripheral neurites on glial as compared 6-well culture plates. The composition of the aggregates was monito nonglial cell surfaces. J. Neurosci. 5, 3169-3177. tored by fluorescence microscopy.
Fawcett, J.W., and Keynes, R.J. (1990) . Peripheral nerve regeneraFor aggregation experiments using CHO cells, cells (ninjurin tion. Annu. Rev. Neurosci. 13, 43-60. transfected and control) were harvested from confluent plates by Gennarini, G., Durbec, P., Boned, A., Rougon, G., and Goridis, C. treatment with trypsin, washed with F-12 medium, and resuspended (1991) . Transfected F3/F11 neuronal cell surface protein mediates at 1 ϫ 10 6 cells/ml in F-12 with 10% FCS. Aggregation assays were intercellular adhesion and promotes neurite outgrowth. Neuron 6, performed on a rotary shaker at 80 rpm. Quantitation of aggregate 595-606. formation was monitored at 15 min intervals by counting the number Gubler, U., and Hoffman, B.J. (1983) . A simple and very efficient of particles using a hemocytometer (Takeichi, 1977) . The extent of method for generating cDNA libraries. Gene 25, 263-269. the aggregate formation is inversely proportional to the number of particles and was determined by calculating an index N t /N o , where Hall, S.M. (1986) . The effect of inhibiting Schwann cell mitosis on N t and No were the total particle numbers at incubation times t and re-innervation of acellular autografts in the periferal nervous system 0, respectively (Takeichi, 1977 
